Neurotransmitter Alterations in a Model
of Perinatal Hypoxic-Ischemic Brain Injury

Michael V. Johnston, MD

Vulnerability of neurotransmitter-specific neurons to hypoxia-ischemia was examined in the immature rat corpus
striatum. Carotid artery ligation plus 2 hours of 8% oxygen atmosphere at 1 week of age produced ipsilateral striatal
injury and reduced hemisphere mass 2 and 6 weeks later. Striatal injury was always more severe than damage to
overlying cortex. Over half the animals had status marmoratus, a neuropathological change seen in the basal ganglia
and thalamus dfter hypoxic-ischemic injury in full-term human infants. Two weeks after the insult, markers for
cholinergic, dopaminergic, and y-aminobutyric acid—containing neurons were all reduced, but the reduction in cholin-
ergic markers was greater than that for the other two transmitters. Muscarinic cholinergic receptors were relatively
preserved, but their distribution was disrupted. In adult animals specific activity of cholinergic neuronal markers was

normal, suggesting that the balance of neurotransmitters was restored after the early insult.
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Perinatal hypoxic-ischemic brain injury is a major cause
of motor disorders {(cerebral palsy) in children and
adules {9, 15} A distinct subgroup of patients with
cerebral palsy from hypoxic-ischemic insults have pre-
dominantly extrapyramidal signs, including dystonia,
athetosis, and rigidity. Clinical neuropathological stud-
ies have correlated these signs with injury primarily in
the basal ganglia and thalamus {24, 33]. A common
neuropathological lesion seen in the injured basal gan-
glia is called status marmoratus because areas of
neuronal loss are “marbled” with clumps of myelin and
gliosis {22]. By analogy with other movement disor-
ders, extrapyramidal cerebral palsy and status mar-
moratus might be expected to be accompanied by dis-
ruptions in basal ganglia neurotransmitter circuitry.
Virtually no information about this issue is available,
however [19]. Determining vulnerability patterns of
functionally important basal ganglia transmitter systems
is germane to understanding the pathophysiology of
perinatally induced movement disorders. To examine
these issues, biochemical markers for three major
transmitter systems in the corpus striatum (caudate-
putamen) were measured in a model of hypoxic-
ischemic injury in the immature rat.

The experiments in this report utilized rats that had
undergone unilateral common carotid artery ligation
plus exposure to a hypoxic environment at 7 days of
age. This model, a variation of the Levine preparation
[21], produces a unilateral brain injury, as described by

Rice and colleagues [30]. Neither unilateral carotd li-
gation nor hypoxia alone causes microscopically visible
changes. Together, the two manipulations produce a
spectrum of injury, varying according to the duration
of hypoxia. The preparation resembles certain clinical
circumstances of prolonged hypoxia and ischemia asso-
ciated with high morbidity in infants {15, 23]. The
timing of the hypoxic-ischemic insult, at a brain devel-
opment stage in the rat similar to that in the full-term
human, also resembles that in clinical circumstances of
injury. Status marmoratus occurs predominantly after
insults suffered by full-term infants {22}. A preliminary
feport on histological and behavioral characteristics of
the model was presented {16}.

Methods

Pregnant Sprague-Dawley rats (Charles River) were housed
in separate cages after 17 days’ gestation, and pups were born
on day 21 or 22 of gestation. The experiments used 369 pups
from 49 litters. On the seventh day of life, pups were briefly
anesthetized with ether, and either their left or right carotid
arteries were ligated. Ligation of either side plus hypoxia
produced similar histological lesions. Pups with right-sided
ligations were used for the neurochemical studies. For each
licter, sham-operated pups were prepared by manipulating
the artery without ligating it. Sham-operated pups were
marked with an ear punch and reared with littermates. Oper-
ations took less than 10 minutes. Pups were replaced with the
dam for 2 hours before exposure to hypoxia (humidified 8
oxygen, balance nitrogen) in glass chambers warmed to 37°C.
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In pilot experiments pups were exposed to 1, 1.5, 2, 2.5, or 3
hours of hypoxia plus carotid ligation. Two hours was chosen
as the exposure period for the neurochemical experiments.
At the conclusion of the hypoxic period, animals were re-
moved and observed for 15 minutes before being replaced
with the dam. The procedure used here was virtually identical
to that reported by Rice and co-workers {30}, except that
ether rather than halothane/nitrous oxide was used as the
anesthetic and a hypoxic interval of 2 rather than 3 hours was
used.

Pups were raised to 3 weeks of age (20-25 days) or 7
weeks of age (45—56 days) before being killed for histological
or neurochemical analysis. At least 10 rats at each age were
prepared for histological examination by perfusion with 109
buffered formalin under deep anesthesia. Sections were
stained for Nissl substance with cresyl violet, and some were
stained for myelin using Weil's method [28].

For neurochemical analysis, animals were killed by cervical
dislocation, and the brain was quickly removed and placed on
an ice-cold (4°C) glass plate. The pons-oblongata and cerebel-
lum were separated from the forebrain. The hemispheres
were then separated, and each piece was weighed on an elec-
tronic microbalance (Cahn). The corpus striatum was then
carefully dissected in a standard fashion from each hemi-
sphere to obtain the entire region free of surrounding tissue.
After exposure, the striatum was scooped away from cortical
white matter with curved forceps and quickly weighed. Left
and right striata from hypoxic-ischemic pups as well as sham-
operated hypoxic control animals were analyzed in the same
assay. To reduce variation among lesions, ipsilateral striata
not smaller than contralateral striata (greater than 507 weight
difference) or brains with gross hemisphere cavitations were
excluded.

Neurotransmitter synthetic enzymes were analyzed in ali-
quots of tissue homogenized by sonication in 20 volumes of
ice-cold 50 mM Tris-HCI, pH 7.4, containing 0.2 (vol/vol)
Triton X-100. The homogenates were centrifuged at 12,000
gat 4°C for 15 minutes, and portions of the supernatant were
assayed. Activity of choline acetyltransferase, the acetyl-
choline synthetic enzyme, was measured according to the
method of Bull and Oderfeld-Nowak {3]. Activity of ty-
rosine hydroxylase, the rate-limiting enzyme for dopamine
synthesis, was measured using the method of Coyle {5]. Ac-
tivity of L-glutamate decarboxylase, the synthetic enzyme
for y-aminobutyric acid (GABA), was measured by a
modification of the method of Wilson and colleagues [38],
using “cCop, L-glutamic acid as a substrate. Protein concentra-
tion was determined using the Bio-Rad assay {2].

Synaptosomal uptake of *H-GABA, *H-dopamine, and
*H-choline was determined as markers for GABAergic,
dopaminergic, and cholinergic nerve endings, respectively, as
previously described {17}]. Washed P; fractions were pre-
pared after homogenization in 0.32 M sucrose (4°C). Uptake
of "H-GABA (34.7 Ci/mM, New England Nuclear) was per-
formed using striatal homogenates from the equivalent of 2
mg of tisssue at a substrate concentration of 107° M in 1 ml
of Kreb’s Ringer phosphate buffer. Incubation time was 2
minutes at 37°C. To terminate incubation, 2 ml of ice-cold
Kreb’s buffer without sodium (no-Na*) was added, and the
tubes were contrifuged at 19,000 g for 15 minutes at 4°C.
The supernatant was discarded, and the pellets were washed
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superficially twice in no-Na* buffer, dissolved in Protosol
(New England Nuclear), and counted by liquid scintillation
spectrometry. Blank values were determined in the presence
of no-Na* buffer.

*H-dopamine uptake was determined using a similar pro-
cedure with a substrate concentration of 5 X 107% M (20 C¥/
mmol, New England Nuclear) and a washed P, fraction from
2 mg of tissue. Incubation time was 4 minutes. Blank values
were determined in the presence of 10~ M benztropine [7].
*H-choline uptake was determined using a substrate concen-
tration of 5 X 10~% M (*H-choline Cl, 80 Ci/mmol, New
England Nuclear) with 5 mg of tissue and 4 minutes’ incuba-
tion. Blank values were calculated from tubes in which 0.32
M sucrose was substituted for sodium chloride in the
buffer. Endogenous dopamine in the striata of 7-week-
old rats was measured using high-performance liquid
chromatography with electrochemical detection [11].

Muscarinic receptor binding was measured in homoge-
nates of 3- and 7-week-old striata using the method of Was-
tek and Yamamura [36]. Tissue was homogenized by sonica-
tion in 200 volumes of 50 mM Tris-HCl, pH 7.7, and the
membranes were washed once by centrifugarion at 48,000 g.
Homogenates containing 1 mg of tissue were incubated to-
gether with a saturating concentration (1.4 nM) of *H-
quinuclidiny! benzilate (QNB, 33 Ci/mmol, New England
Nuclear) in a total volume of 4 mi at 37°C for 1 hour. Bound
radioactivity was separated from free by filtration through
glass fiber filters and was counted by liquid scintillation spec-
trometry.

The distribution and density of receptors in 3-week-old
animals were examined by in vitro quantitative autoradiog-
raphy for *"H-QNB on frozen sections [26}. Sections of 30
were cut from fresh frozen brains on a Harris cryostar at
~20°C and mounted on subbed slides. The mounted tissue
was given three successive 5-minute washes with Dulbecco’s
phosphate-buffered saline and immersed in 200 mi of buffer
containing 1.4 nM *H-QNB at 20°C for 2 hours. After incu-
bation, the slides were washed in two sequential S-minute
buffer washes, and tissue was blown dry with a cool stream of
air. The slides were then apposed to a sheet of tritium-
sensirive film (Ultrofilm-*H, LKB) along with "'C standards
(Amersham) in an x-ray cassette for 12 days. After the film
was developed, binding was quantitated by comparing the
film density in various regions with the standards using a
computerized microdensitometer {26]. After a satisfactory
film image was obtained, the tissue sections were stained for
Nissl substance to identify anatomical landmarks and corre-
late them with the autoradiogram.

Results

Characteristics of the Hypoxic-Ischemic Injury

Carotid ligation plus hypoxia for 2 hours at 1 week of
age produced a smaller hemisphere ipsilateral to the
ligation at 3 or 7 weeks of age (Fig 1). As previously
reported for acute histological effects in the same
model {30}, carotid ligation alone or hypoxia alone
produced no gross or light microscopic effects. Pilot
experiments established that the late morphological ef-
tects were related to the duration of hypoxia. One hour
of 8% oxygen plus ligation produced no appreciable



Fig 1. Gross appearance of unilateral hypoxic-ischemic injured
rat brains 2 weeks after hypoxia plus carotid ligation at 1 week
of age. Brain in center is control for comparison; brain on the
right had a right common carotid ligation; brain on the left is
Srom an animal with a left carotid ligation. Note hemisphere
asymmetry without gross cavitation. Range of asymmetry indi-
cates the range of lesions studied in neurochemical experiments.

change in hemisphere size or appearance, but 1.5 or 2
hours of hypoxia after carotid ligation produced obvi-
ous hemisphere asymmetry in three-quarters of the an-
imals, with little difference between the two intervals.
Although smaller than the other side, the ipsilateral
hemisphere subjected to 2 hours of hypoxia-ischemia
was usually smooth or mildly scarred. Following 2.5 or
3 hours of hypoxia plus ligation, however, gross cavita-
tions and cortical destruction were common. Cell loss
and reduction in the mass of the corpus striatum were
more severe than damage to overlying cortex at 1.5, 2,
or 2.5 hours of hypoxia. Accordingly, 2 hours of hy-
poxia was chosen for these experiments, because it pro-
duced disproportionate injury in the striatum.

Of 319 rat pups from 41 litters, 639 survived liga-
tion plus 2 hours of 8% oxygen environment, but 93%
of sham-operated rats survived the same hypoxic pe-
riod. Of the hypoxic-ischemic survivors, 80% turned
or twisted toward the side of the ligation for approxi-
mately 10 minutes after being removed from the cham-
ber {16]. After a short recovery period, during which
they remained inactive and lethargic, they appeared
normal in their casual behavior. About 109 of the
survivors were runted, but the rest grew and gained
weight normally.

Of the rats dissected for neurochemical analysis,
85% had noticeable hemisphere asymmetry and more
than 5% reduction in ipsilateral striatal wet weight. In
these animals, at 3 weeks of age the mean ipsilateral
hemisphere weight was reduced by 189%, and striatal
weight was 37% lower compared with the other side
(Table). Similar changes were found in the group of
adult animals. The distribution of weight changes in the
lesioned striata used for neurochemical analysis is
shown in Figure 2. It is noteworthy that the contra-
lateral hemisphere and striatum as well as the pons-
oblongata and cerebellum were not significantly re-
duced by the insult (see the Table).

Histological Changes

The hypoxic-ischemic injury produced considerable
shrinkage and cell loss in the ipsilateral striatum in both
3-week-old and adult animals. The ipsilateral globus
pallidus was also smaller. In the adult animals, more
than half had status marmoratus changes with gliosis
and abnormal clumps of myelin (Fig 3). The other ani-
mals had definite perikaryal loss with an increase in the
density of remaining myelinated fascicles. Damage was

Regional Brain Weight following Hypoxic-Ischemic Injury 7 Days after Birth

Sham + Hypoxia

Unilaterdl CCL + Hypoxia

Ipsilateral ~ Contralateral Change (%) Ipsilateral Contralateral Change (%)

3-WEEK-OLD PUPS
Hemisphere 504 + 9 502 = 16(n = 1) 0 433 = 25* 530 = 8(n = 15) -18
Corpus striatum 274 1 273 1 (n=26) 0 150 = 12 237 = 1(n = 47) —37
Hindbrain 208 = 7 284 = 7

(pons-oblongata,

cerebellum)
7-WEEK-OLD PUPS
Hemisphere 642 = 15 638 = 16(n = 15) +1 531 + 13* 633 + 12(n =15 —16
Corpus striatum 391 391 (n=20) 24 = 17 371 (n=234) =35
Hindbrain 418 = 15 420 + 32

(pons-oblongata,

cerebellum)

2p < 0.001, ipsilateral vs contralateral, using Student’s ¢ test for paired values.

All values are expressed in milligrams and as mean * standard error of the mean. The brains were divided and dissected as described in Methods.

CCL = common carotid artery ligation.
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Fig 2. Distribution of weight reductions in hypoxic-ischemic in-

Jured striata (compared with striatal weight of opposite side} in a
series of 55 rats. Fifteen percent of the group had less than a 5%

difference and were not included.

Fig 3. Photograph of a coronal Nissl-stained section of a hypoxic-
ischemic lesioned rat brain. Animal was G weeks old when killed,
and the insult was incurred 5 weeks before. Arrow poinis to an
area of cdumped myelin within a shrunken striatum with consid-
erable cell loss (status marmoratus). The size of the globus pal-
lidus is also reduced. Although the cortical expanse is reduced,
there are no areas of necrasis or cavitations. (S = corpus stri-
atum; P = globus pallidus; ¢ = optic chiasm. Bar = 1 mm.)

always more severe in the most dorsal segment of the
striatum. Three-week-old pups had similar microscopic
changes with respect to cellular loss and location of
damage. Hypermyelination was not yet present, how-
ever, probably because of the relative immaturity of
this brain component. In comparison to the striatal
changes, microscopic alterations in the cortex were
more subtle. Although the cortical expanse was obvi-
ously reduced, definite necrotic areas or architectonic
disruptions were frequently absent (see Fig 3). When
present, areas of cortical necrosis were located in the
posterior lateral cortex in the region served by the mid-
dle cerebral artery.

514 Annals of Neurology Vol 13 No 5 May 1983

3 WEEKS OLD Specific Activity or
120 Concentration

1 S A
% 80 r-
CONTROL gg L : +
T|T|D|D C
a0t [Hn[olo A
w3y |PIP T
20 uju g2
Total Activity or
120 - Amount per Striatum
0O~ === — - — == ———mm ———
o 80 F’” ﬂ-
CONTROL go
*
40 clekdc
20 g
g L
22 Il (73Y)

Fig 4. Levels of neurotransmitier markers in hypoxic-ischemic
lesioned striata of 3-week-old vats (stippled bars) versus the con-
tralateral levels (open bars), compared with mean levels in sham-
operated hypoxic controls (dashed horizontal lines). Bar height
indicates mean * standard error of the mean, n = 10—16 in
each group from two or three separate experiments. Asterisk in-
dicates p < 0.01 using t test for paived values. Total activity
was calculated by multiplying the striatal weight by the specific
activity or concentvation of the marker. (TH = tyrosine hydroxy-
lase; DOP U = 3H-dopamine uprake; CAT = choline acetyl-
transferase, CHL U = 3H-choline uptake; GAD = L-gluta-
mate decarboxylase; GABA U = SH-GABA uptake) Mean
control specific activities or concentrations: TH = 240 pmol - mg
tissue™ ' - br™ 1, DOP U = 1.5 pmol - mg™ " + 4 min~'; CAT
= 12 nmol - mg=' - by~ 1, CHL U = 0.043 pmol - mg~"' - 4
min~ ' GAD = 5.2 nmol - mg™" - br™ 1, GABA U = 60
pmol - mg~' - 2 min~ L. There was no diffevence between the two
sides in protetn concentration.

Neurotransmitter Markers at 2 and 6 Weeks after Injury
The lesioned striata were analyzed for biochemical
markers for dopaminergic, acetylcholinergic, and
GABAergic neurons. In each case at least two inde-
pendent markers for each neuronal type were used to
attempt assessment of changes in populations of nerve
terminals. The striatum contralateral to carotid ligation
served as an internal hypoxic control for the ipsilateral
hypoxic-ischemic injured side. To control for possible
subtle effects of the carotid ligation on the opposite
side, sham-operated hypoxic controls were included
in each assay. Pilot experiments did not identify
significant effects of hypoxia alone on rhe mea-
surements.

Two weeks after the injury the biochemical results
indicated that ipsilateral to the carotid ligation the cho-
linergic neuronal markers, choline acetyltransferase
and *H-choline uptake, were reduced to 62% and



Fig 5. Autoradiogram showing distribution and density of mus-
carinic receptors in a 3-week-old rat with a unilateral hypoxic-
ischemic injury at 1 week of age. (A) shows the image produced
by incubation of the tissue slice in vitro with *H-QNB, as de-
scribed in Methods. Arrow indicates an area without veceptors,
survounded by a smaller corpus striatum with areas of confluent
increased receptor density (increased blackness). (B) shows the
lightly Nissl stained section used for the autoradiogram in (A)
after the image was developed. The arrow, at the same location as
the arvow in (A), indicates an avea of intense gliosis and scar-
ring. (Bar = 1 mm.)

55%, respectively, of control values (Fig 4). In con-
trast, tyrosine hydroxylase activity and *H-dopamine
synaptosomal uptake, markers for dopaminergic nerve
endings, were present at the same levels on both sides.
Similarly, the GABAergic markers, L-glutamate decar-
boxylase and *H-GABA uptake, remained at control
levels. Considered in terms of total markers per
striatum, all three groups were reduced ipsilateral to
the carotid ligation, with the cholinergic markers show-
ing the largest decreases (see Fig 4).

Because presynaptic cholinergic markers were most
heavily injured by the insult, it was of interest to as-
sess the distribution of corresponding postsynaptic
receptors. This was done using in vitro receptor auto-
radiography for *H-QNB, a potent muscarinic recep-
tor antagonist. Autoradiography at 3 weeks of age
demonstrated that muscarinic receptors were relatively
preserved in the injured striatum, except in the rela-
tively small regions of intense gliosis and necrosis at its
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Fig 6. Levels of neuvotransmitter markers in hypoxic-ischemic
lesioned stviata from 7-week-old rats (stippled bars) versus the
contralateral levels (open bars), compared with mean levels in
sham-operated hypoxic controls (dashed horizontal lines). Bar
height indicates mean * standard error of the mean, n =

6—10 in each group from two or three separate experiments. Total
activity calculated as for Figure 4. Asterisk indicates p < 0.01.
(DOP = endogenous dopamine; other abbreviations as in Figure
4.) Mean control values: TH = 380 pmol - mg tissue™ ' - br™;
DOP U = 2.7 pmol - mg~' - 4 min~ 7, DOP = 52 pmol -
mg~ ' CAT = 20 nmol - mg™' - b ', CHL U = 0.11 pmol -
mg - dmin~!, GAD = 12 nmol -mg™" - by~ 1; GABA U
=25 pmol - mg~" - 4 min~".

dorsal border (Fig ). In some regions, the concentra-
tion of receptors was increased compared with the
other side, and the normal mosaic pattern was distorted
into a dense, confluent mass. Assay of *H-QNB recep-
tors in striatal homogenates also indicated that musca-
rinic receptors were relatively preserved. Each side at 3
weeks contained 45 * 4 fmol/mg tissue (mean * stan-
dard error of the mean; n = 0), apparently reflecting
the average of areas with few receptors and others with
preserved or supranormal densities.

Although the concentrations of cholinergic markers
were disproportionately reduced in the injured stri-
atum at 3 weeks, the reduction was no longer present
in the adult animals (Fig 6). Because the histological
analysis and striatal wet weight (see the Table) indi-
cated that the older animals were injured as severely as
QNB receptors were present in similar concentrations
on the two sides in the older animals {mean * standard
error of the mean, 180 + 10 fmol/mg ipsilateral versus
160 =+ 10 contralateral (n = 5), not significant].
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Levels of markers for dopaminergic terminals were
slightly higher than control levels, with endogenous
dopamine being modestly but significantly higher (see
Fig 6). In the older animals, calculation of total markers
per striatum indicated that ipsilateral dopamine mark-
ers were present at 75%, cholinergic markers at 70%,
and GABAergic markers at 58% of control levels.

Discussion

An animal model is necessary to gain insight into pat-
terns of hypoxic-ischemic damage and reorganization
in the developing brain, because human cases are
difficult to study and are often heterogeneous. When
initiated at 1 week of age in the rat, the experimental
hypoxic-ischemic conditions can be manipulated so
that the corpus striatum is preferentially damaged. The
model reproduces status marmoratus, a distinct age-
related phenomenon in human neuropathology, often
seen after perinatal insults. In spite of moderate varia-
tion among lesioned animals, reasonably homogeneous
groups can be chosen by observing the degree of hemi-
sphere asymmetry and cortical scarring. Although the
lesioned animals do not develop obvious movement
disorders, their absence could be related to the unilat-
eral nature of the insult or to lack of sensitive observa-
tional techniques. The animals do manifest transient
acute turning behavior and persistent asymmetrical
drug-induced turning {16} similar to that produced by
other striatal lesions in adult animals {8].

The rat corpus striatum is a satisfactory region for
examining differences in vulnerability of neurotrans-
mitter-specific neurons to hypoxia-ischemia. Its blood
supply is relatively homogeneous throughout, and
the transmitter systems are also distributed relatively
evenly. In immature rodents, dopaminergic terminals
projected from the substantia nigra are organized in
islands with a diffuse distribution {35]. Cholinergic
innervation is localized in large interneurons wicth
perikarya widely distributed in the striatum {20}
GABAergic neurons are small and medium sized.
Some are interneurons, and others project to the sub-
stantia nigra and globus pallidus {29]. Therefore, each
of the three systems is likely to be exposed to similar
hypoxic-ischemic conditions. Changes in the neuro-
transmitter-specific markers for these systems probably
reflect the relative vulnerability of each neuronal type
to the insult.

Relative Vulnerability of Striatal Neurons

In this experimental model hypoxia-ischemia produced
a long-term reduction in striatal mass, as well as in to-
tal biochemical markers for dopaminergic, cholinergic,
and GABAergic nerve terminals. Agreement between
results of assays for at least two markers for each
neuronal type suggests that the reduction reflects loss
of neurons or nerve terminals, or both, rather than
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temporary disruption of intracellular neurotransmitter
metabolism. Two weeks after the insult, at a time when
much necrotic debris has been removed, cholinergic
markers were reduced more than markers for the other
two systems. The data indicate that all three neuronal
types are vulnerable to the perinatal hypoxic-ischemic
injury, although cholinergic neurons are somewhat
more sensitive than the others.

In comparison to the reduced concentration of pre-
synaptic cholinergic markers, muscarinic cholinergic
receptors are relatively preserved in the dystrophic
striatum outside of small areas of intense gliosis and
damage. However, in vitro autoradiography indicates
that the distribution of muscarinic receptors is dis-
rupted. These receptors are normally organized in is-
lands in a mosaic pattern which resembles that of opiate
receptors and acetylcholinesterase activity {14].

The acute effects of hypoxia and ischemia on
metabolism of neurotransmitter systems have been
studied by several investigators {12}, but few studies
have examined long-term effects {32} At least with
respect to effects on dopamine systems, the immature
rat model does duplicate some acute effects seen in
older animals. The acute ipsilateral turning behavior is
similar to that seen in adult rats and getbils, and in both
the immature rat and older animals, the turning is as-
sociated with a large ipsilateral fall in endogenous
dopamine {16, 39}. However, the relative vulnerability
of neurotransmitter systems in the infant rat appears to
differ from that seen in adult animals. Francis and Pul-
sinelli {11] reported evidence that GABAergic striatal
neurons may be more vulnerable to ischemia than cho-
linergic neurons in adult rats. Studies from adult gerbils
and rats indicate that dopaminergic nerve terminals are
more vulnerable to ischemia than GABAergic neurons
{25, 371

In immature animals, ontogenetic differences among
distinct transmitter systems at the time of injury might
be expected to have an important modifying influence.
In 1-week-old rats, dopamine terminal biochemical de-
velopment is the most advanced of the three systems
studied {7}, cholinergic neurons are the least mature
{6, 18]. Cholinergic neurons may be more severely
damaged in the immature rat striatum because they are
undergoing vigorous, rapid differentiation at the time
of injury. Heightened energy requirements for actively
differentiating neurons may be partially responsible for
this vulnerability [10]. Alternately, the vulnerability
could be related to some other special feature of imma-
ture cholinergic neurons. In adults, acetylcholine turn-
over is very sensitive to hypoxia. [12].

Age-related Plasticity in the Injured Striatum

Morphological and biochemical modifications occur in
the injured striatum between the weanling period and
adulthood. Myelinating fiber bundles which are rela-



tively indistinct at 3 weeks of age become clearly
defined in adulthood. Foci of necrosis seen at 3 weeks
become occupied with myelin clumps at later times.
Biochemically, the reduction in concentrations of cho-
linergic markers seen at 3 weeks is no longer detected
at 7 weeks. In contrast to the situation in the immature
rat, assessment of neuronal populations based on total
neuronal markers in adult animals indicates that
GABAergic neurons rather than cholinergic ones are
the most depleted group. Also, the concentration of
dopamine is modestly elevated on the injured side of
adult but not immature animals. Because morpholog-
ical features of injury were similar at 3 and 7 weeks, the
biochemical results suggest that the balance of neuro-
transmitters was readjusted during later maturation.
This readjustment could occur through regeneration of
cholinergic nerve terminals or by progressive loss of
GABAergic or other nerve terminals.

Possible Relevance to Human Pathophysiology

Imbalances among different striatal neurotransmitter
systems have been linked to several movement disor-
ders [34], but a similar hypothesis has not emerged for
motor disorders associated with hypoxic-ischemic dam-
age. Formation of disordered neuronal pathways in re-
sponse to early injury is well documented in several
mammalian systems, however [13, 27]. The animal
model affords an opportunity to explore factors de-
termining brain reorganization after an insult similar
to that sustained by human infants. It is noteworthy
that significant histopathological and neurochemical
changes occur with age in the rat just as pathological
and neurological signs evolve over time in infants [19,
22}

No single drug has been dramatically successful in
treating movement disorders related to human cases of
status marmoratus, but a muscarinic cholinergic antago-
nist {4} is sometimes effective in instances of dystonia
related to perinatal insults, and success with L-dopa in
cases of choreoathetosis has also been reported in a
few patients {31]. Both drugs may act to diminish cho-
linergic neurotransmission, one by blocking musca-
rinic effects of acetylcholine on other striatal neurons
and the other by a dopaminergic inhibitory effect on
striatal cholinergic neurons. In the rat model, cholin-
ergic neuronal markers were more heavily injured than
dopaminergic or GABAergic neuronal markers. Mus-
cariniC receptor recognition sites were relatively pre-
served but their organization was disrupted. In older
animals, the cholinergic balance was restored. Both the
animal observations and clinical pharmacological re-
ports suggest that cholinergic synaptic abnormalities
may play a role in the pathophysiology of this injury.
The animal model also suggests, however, that damage
to a variety of other systems contribuites to the final
patterns of disordered neuronal circuitry.
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